Astrocytes in hippocampal slices can dynamically regulate synaptic transmission in a process mediated by increases in intracellular Ca
Introduction
It has been nearly two decades since the supportive cells of the brain, astrocytes, were first shown to play an active role in neurotransmission. The initial evidence for an active role of astrocytes in synaptic regulation were collected in cocultures and showed that astrocytes have the ability to transmit Ca 2ϩ signals to neurons (Nedergaard, 1994; Parpura et al., 1994) . Additional analysis of semi-intact tissue supported and extended the original findings by demonstrating that astrocytes can modulate synaptic activity (Araque et al., 1998; Kang et al., 1998) . It is by now well established that astrocytes display increases in cytosolic Ca 2ϩ in response to synaptic transmission and in turn modulate neural activity in hippocampal slices prepared from young rodents (Rusakov et al., 2011) . The majority of studies so far have concluded that the release of gliotransmitters, and in particular glutamate, constitutes the primary mechanism by which astrocytes regulate the activity of excitatory and inhibitory synapses in hippocampal slices (Kang et al., 1998; Halassa et al., 2009) . Glutamate released by astrocytes triggers coordinated Ca 2ϩ responses in CA1 neurons (Fellin et al., 2004; Sun et al., 2013) , increases the frequency of EPSPs (Fiacco and McCarthy, 2004) , and decreases synaptic failure in response to minimal stimulation of Schaeffer collaterals (Navarrete and Araque, 2010) . However, in recent years, controversies have emerged because studies based on astrocytic-specific gene manipulations have questioned whether gliotransmitters are released in response to agonist-induced Ca 2ϩ signaling. Using a transgenic approach, McCarthy and colleagues showed that Ca 2ϩ signaling triggered by activation of receptors exclusively expressed by astrocytes did not affect short-or long-term synaptic plasticity (Agulhon et al., 2008 (Agulhon et al., , 2010 Fiacco et al., 2009) . Experimental evidence for gliotransmitter release was primarily based on studies using photolysis of caged Ca 2ϩ or IP 3 , and these studies additionally showed that astrocytic glutamate release can modulate excitatory or inhibitory transmission by activation of mGluR or kainate receptors (Fellin et al., 2004; Fiacco and McCarthy, 2004; Liu et al., 2004; Navarrete and Araque, 2010) . However, one concern is that photolysis of caged Ca 2ϩ or IP 3 directly increases intracellular free Ca 2ϩ , bypassing the G q -coupled intracellular signaling pathways normally activated by agonist exposure (Takano et al., 2006) .
To our knowledge, no previous studies have directly compared the effect of Ca 2ϩ signaling evoked by agonist-induced receptor activation versus photolysis of caged Ca 2ϩ . We here evaluated the two stimulation paradigms side by side and took advantage of transgenic approaches to selectively induce astrocytic Ca 2ϩ increases or inhibit gliotransmitter release. The analysis confirmed that photolysis of caged Ca 2ϩ triggers release of glutamate, which transiently enhances excitatory transmission. In contrast, agonist-induced Ca 2ϩ signaling did not evoke detectable glutamate release but was instead linked to a reduction of extracellular K ϩ and suppression of mEPSCs. Thus, these observations question the physiological relevance of Ca 2ϩ signaling evoked by photolysis of caged compounds.
Materials and Methods
Slice preparation and electrophysiology. Unless otherwise noted, hippocampal slices were prepared from 18-to 21-d-old C57BL/6 (Charles River Laboratories) or the transgenic colonies including MrgA1 (Agul-hon et al., 2010) , glutamate transporter 1-EGFP (Regan et al., 2007) , or dominant-negative SNARE (dnSNARE) (Pascual et al., 2005) mice of either sex. All the transgenic mice were on C57BL/6 background and breed according to the original reports. To prevent expression of dnSNARE during embryogenesis or later development, dnSNARE mice were bred in the presence of doxycycline (Dox; Sigma-Aldrich) in drinking water (100 g/ml). The expression of the EGFP reporter in dnSNARE pups (absent when Dox was added and present when Dox was removed from the drinking water) was evaluated before recordings. All animal procedures followed National Institute of Health guidelines and were approved by the Institution of Animal Care and Use Committee of University of Rochester.
The pups were anesthetized in a closed chamber with isoflurane (3%) and decapitated. The brains were rapidly removed and immersed in icecold cutting solution that contained the following (in mM): 230 sucrose, 2.5 KCl, 0.5 CaCl 2 , 10 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose, pH 7.2-7.4. Hippocampal slices (400 m) were cut using a vibratome (Vibratome) and transferred to oxygenated artificial CSF (aCSF) that contained the following (in mM): 126 NaCl, 4 KCl, 2 CaCl 2 , 1 MgCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose, pH 7.2-7.4 (osmolarity, 310 mOsm). Slices were incubated in aCSF for 1-5 h at room temperature before recording. Experiments were performed at room temperature (21-23°C). During the recordings, the slices were placed in a perfusion chamber and superfused with aCSF gassed with 5% CO 2 and 95% O 2 at room temperature. Cells were visualized with a 40ϫ waterimmersion objective and differential inference contrast optics (BX51WI; Olympus). Patch electrodes were fabricated from filament thin-walled glass (TW150F-4; WPI) on a vertical puller (Micro Forge MF830; Narishige), and resistance of the pipette is ϳ6-9 m⍀ with the intracellular pipette solution added. The pipette solution contained the following (in mM): 140 K-gluconate, 5 Na-phosphocreatine, 2 MgCl 2 , 10 HEPES, 4 Mg-ATP, and 0.3 Na-GTP, pH adjusted to 7.2 with KOH. With these solutions, the mEPSCs reversed at ϳ0 mV. Voltage clamp was used to record mEPSCs, which were isolated by adding 0.5 M TTX and 10 M bicuculline to the bath solution and maintained a holding potential of Ϫ70 mV. The junction potential between the patch pipette and bath solution was zeroed before forming a gigaseal. Patches with seal resistances of Ͻ1 G⍀ were rejected. Data were low-pass filtered at 2 kHz and digitized at 10 kHz with a Digidata 1440 interface controlled by pClamp Software (Molecular Devices). Membrane potentials were recorded under current clamp (I ϭ 0) using an Axopatch MultiClamp 700B amplifier (Molecular Devices). Comparisons were done using the "averaged frequency and amplitude" in the "Event Statistics" option of Clampfit. One averaged frequency/amplitude was treated as one experiment in the statistical analysis. Thirty-second recordings were analyzed 1 min before and after application of the drugs in one slice, and the averaged frequency and amplitude were calculated. Ca 2ϩ imaging and photolysis of o-nitrophenyl--EGTA. After recovering for 30 min at room temperature, slices were incubated at 30 -32°C for 60 min in aCSF containing rhod-2 AM (5 M) and 0.02-0.04% pluronic F-127, in either the presence or absence of o-nitrophenyl-EGTA (NP-EGTA) AM (10 M). For dual-patch experiments, rhod-2 tetrapotassium (100 M) and NP-EGTA (100 M) were added to the pipette solution. A custom-built microscope attached to titanium:sapphire laser (Tsunami/ Millennium; SpectraPhysics) and scanning box (FV300; Olympus) using FluoView software (Olympus) and 40ϫ objective (0.8 numerical aperture; Olympus) was used in all experiments (Rusakov et al., 2011) . The excitation wavelength was fixed at 820 nm, whereas two-channel detection of emission was achieved by a 565 nm dichroic mirror (Chroma Technology) and two external photomultiplier tubes. A 525/50 bandpass filter (Chroma Technology) was used to detect GFP emission wavelength, and a 620/60 bandpass filter (Chroma Technology) was used to detect rhod-2 signals. Relative changes in rhod-2 signaling were quantified using FluoView software. Time-lapse images of astrocytic Ca 2ϩ signaling were recorded every second. The amplitude (percentage increase of fluorescence from baseline) was obtained by selecting highest intensities in the time-lapse images. Duration was measured as the time of each cell in the field from 10% of the rise of intensity until the intensity returns to 10% the baseline. Velocity was obtained from the distance of each cell in the field to the location of pipette tip or laser pulses and the time of fluorescence increase. For each slice, we measured four to nine cells in the field with various distance from the stimulation site and obtained an average number to represent the response of the slice. An ultraviolet (UV) laser of 355 nm (diode-pumped solid-state laser) was focused through the 40ϫ water-immersion objective to an optical spot of 4 m diameter. A mechanical shutter (Uniblitz model D122) was used to control the duration of the UV photoflash. A red spot from a weak 635 nm diode laser, which is visible under infrared differential interference contrast microscopy and under laser-scanning fluorescence microscopy when enabled, was coupled with the UV laser beam to guide the positioning of the photolysis in the field. To trigger Ca 2ϩ elevation in astrocytes, two UV-laser pulses (30 s length, 10 s interval, 30 mW, 4 m beam diameter) were delivered to the targeted astrocyte in stratum radiatum. A direct comparison of Ca 2ϩ waves induced by photolysis of caged Ca 2ϩ loaded by addition to the bath (NP-EGTA AM) or by addition to the patch pipette solution (NP-EGTA) showed that the two loading procedures triggered comparable astrocytic Ca 2ϩ increases. Fabrication and calibration of K ϩ -sensitive microelectrodes. To detect K ؉ changes in the extracellular space, ion-sensitive microelectrodes were fabricated from double-barreled pipette glass (PB150F-6; WPI) pulled to a tip of Ͻ3 m with a vertical puller (Micro Forge MF830; Narishige). The pipette was silanized by dimethylsilane (Fluka, Sigma) loaded with a 100 -150 m column of valinomycin-based K ϩ ion-exchanger resin (potassium ionophore 1-cocktail B; Fluka, Sigma), and backfilled with 150 mM KCl. The reference barrel was filled with HEPES-buffered 150 mM NaCl solution, pH 7.4. The pipette was connected to head stages of an Axoprobe 700B amplifier (Molecular Devices). Electrodes were calibrated in 1-6 mM K ϩ in aCSF before and after experiments. The recording pipette was located ϳ100 m below the surface of the slice. The electrodes used in experiments typically displayed voltage responses of 5-6 mV per millimolar increase in K ϩ concentrations in the concentration range studied. In selected experiments, single-barrel pipettes were used in combination with a reference electrode located ϳ10 m away.
Statistics. All results are reported as mean Ϯ SEM, and significance was determined by t test or one-way ANOVA with Bonferroni's post hoc multiple comparison test. For repeated measures, the paired t test was used.
Results

Agonist-induced astrocytic Ca
2؉ signaling triggers a transient suppression of mEPSCs To selectively stimulate astrocytes, we first prepared hippocampal slices from 18-to 21-d-old MrgA1 ϩ mice (C57BL/6). In these mice, the G q -linked MrgA1 receptor is expressed under control of the GFAP promoter (Agulhon et al., 2010) . The slices were loaded with the Ca 2ϩ indicator rhod-2 AM (5 M, 30 min), and the MrgA1 receptor agonist Phe-Met-Arg-Phe-NH 2 amide (FMRF) (15 M) was delivered within the field of view by a micropipette. FMRF evoked a wave of Ca 2ϩ increase that included essentially all astrocytes within a radius of ϳ150 m from the pipette ( Fig.  1 A, B) . The average increase in Ca 2ϩ evoked by FMRF was 79.9 Ϯ 2.8% (n ϭ 9), the average duration of Ca 2ϩ increases was 72.9 Ϯ 2.5 s (n ϭ 9), and the Ca 2ϩ increases spread in a wave-like pattern from the tip of the injection pipette with an average velocity of 15.8 Ϯ 2.3 m/s (n ϭ 5; Fig. 1C ). Microinjection of aCSF (vehicle) in slices prepared from MrgA1 ϩ pups or FMRF in slices prepared from wild-type pups not expressing MrgA1 receptors did not evoke significant Ca 2ϩ increases (n ϭ 5-6, p ϭ 0.22 for aCSF on MrgA1 ϩ ; p ϭ 0.62 for FMRF on wild type, paired t test; Fig. 1C ). In addition, these manipulations did not significantly change the frequency or amplitude of mEPSCs in neighboring neurons (Wang et al., 2012b) . Endogenous agonists that primarily, but not selectively, activate astrocytic G q -linked receptors, including ATP (30 M) and the proteolytic-activated receptor 1 (PAR1) agonist Thr-Phe-Leu-Leu-Arg-NH 2 amide (TFLLR) (30 M), also induced Ca 2ϩ increases in astrocytes (Fig. 1C ). In accordance with previous reports (Agulhon et al., 2008 (Agulhon et al., , 2010 , FMRF-induced astrocytic Ca 2ϩ signaling did not signifi-cantly change the frequency or amplitude of mEPSC in neighboring neurons when we voltage clamped neurons close to the surface of the slice (Wang et al., 2012b) . However, if recordings were obtained from neurons positioned deeper in the slice (70 -100 m), FMRF transiently suppressed excitatory transmission (Fig. 1D) , as evident in the cumulative distribution of EPSC amplitude and frequency (Fig. 1E ), which were plotted from 30 s recordings before and after application of FMRF. The frequency of mEPSCs fell to 59.7 Ϯ 4.9% of baseline, whereas the amplitude of mEPSCs remained unchanged ( p ϭ 0.14, n ϭ 5, paired t test; Fig. 1F ). The input resistance did not change either ( p ϭ 0.80, n ϭ 5, paired t test). We reported previously that Ca 2ϩ signaling in astrocytes is linked to increased activity of the Na and McCarthy, 2004; Liu et al., 2004) . To directly compare the effect of astrocytic Ca 2ϩ signaling evoked by photolysis of caged compounds to that evoked by agonist exposure, we loaded hippocampal slices with rhod-2 AM and caged Ca 2ϩ (NP-EGTA AM, 10 M). Photolysis induced an initial increase in Ca 2ϩ in the astrocytes targeted by an ultraviolet (UV) beam, which subsequently spread as a wave, engaging neighboring astrocytes (Fig.  2 A, B) . The amplitude of increases in rhod-2 fluorescence evoked by photolysis of NP-EGTA was directly comparable with those induced by FMRF (Figs. 1C, 2 B, C) . The duration of FMRFinduced Ca 2ϩ increases in MrgA1 ϩ mice did not differ significantly from photolysis-induced Ca 2ϩ signaling (compare Figs.  1C, 2C) . The average increase in Ca 2ϩ was 75.1 Ϯ 2.7% (n ϭ 7), the average duration of Ca 2ϩ increases was 75.9 Ϯ 2.3 s (n ϭ 7; Fig. 2C ), and the Ca 2ϩ increases spread in a wave-like pattern from the tip of the injection pipette with an average velocity of 7.6 Ϯ 1.6 m/s (n ϭ 7; Fig. 2C ). The metabotropic glutamate receptor antagonists 2-methyl-6-(phenylethynyl) pyridine (MPEP; 20 M) and 1-aminoindan-1,5-dicarboxylic acid (AIDA; 50 M) did not significantly affect astrocytic Ca 2ϩ signaling (n ϭ 5-7, p Ͼ 0.1, t test; Fig. 2C ). Interestingly, photolysis of caged Ca 2ϩ increased frequency of mEPSCs (Fig. 2D) , as evident in the cumulative distribution of EPSCs (Fig. 2E) . The frequency of mEPSCs were increased by 106.6 Ϯ 15.1% (n ϭ 6, p Ͻ 0.001, paired t test), whereas the amplitude did not exhibit significant changes (n ϭ 6, p ϭ 0.11, paired t test; Fig. 2F ). Current-clamp recording revealed that neurons located near the astrocyte exposed to photolysis displayed a minor depolarization (Fig. 2F ). MPEP and AIDA had little effects on neuronal depolarization (n ϭ 4 -5, p Ͼ 0.05, Bonferroni's test; Fig. 2F ). Instead, an A, Schematic drawing depicts that depletion of intracellular glutamate by addition of GPT and pyruvate to the pipette solution eliminates cytosolic glutamate (right). Representative traces of mEPSCs in a CA1 pyramidal neuron recorded during photolysis of NP-EGTA in a nearby astrocyte in which GPT and pyruvate was added to the patch pipette solution (left). B, Schematic drawing showing that addition of GPT, but not pyruvate (Pyru), to the pipette solution does not eliminates cytosolic glutamate (right). Representative traces of mEPSCs in a CA1 pyramidal neuron recorded during photolysis of NP-EGTA in a nearby astrocyte after addition of GPT, but not pyruvate, to the pipette solution (left). C, Histograms comparing the effects of addition of vehicle, GPT (100 U/L) and sodium pyruvate (1 mM), GPT alone, NPPB (50 M), and DIDS (5 M) to the pipette patching astrocytes on the amplitude of mEPSCs ( p Ͼ 0.05, paired t test and one-way ANOVA; n ϭ 5), frequency of mEPSCs (*p Ͻ 0.05, paired t test before and after photolysis for each group; # p Ͻ 0.01, one-way ANOVA with Bonferroni's test, comparing different pipette conditions; n ϭ 5), and membrane potential changes (*p Ͻ 0.05, paired t test before and after photolysis for each group; # p Ͻ 0.05, one-way ANOVA with Bonferroni's test comparing different pipette conditions; n ϭ 4 -5) in CA1 neurons induced by a photolysis in neighboring astrocytes. D, Representative traces of recordings of mEPSCs in a pyramidal CA1 neuron in response to photolysis of NP-EGTA in a nearby astrocyte in a slice prepared from dnSNARE mice (ϪDox indicates not receiving Dox). E, Histogram comparing the effects of photolysis of NP-EGTA in astrocytes on the amplitude (*p Ͻ 0.05, paired t test before and after photolysis for each group; # p Ͻ 0.05, t test comparing dnSNARE mice with or without Dox water; n ϭ 5-6), frequency (*p Ͻ 0.05, paired t test before and after photolysis for each group; n ϭ 5-6) of mEPSCs, and membrane potentials of neighboring neurons (*p Ͻ 0.05, paired t test before and after photolysis for each group; n ϭ 5-6) in nearby neurons in slices prepared from ϩDox (with Dox) and ϪDox (without Dox).
NMDA receptor antagonist (APV; 50 M) and an AMPA receptor antagonist (CNQX; 20 M) significantly suppressed photolysis-induced neuronal depolarization (n ϭ 5, p Ͻ 0.05, Bonferroni's test). Combined, these observations indicate that glutamate released in response to photolysis of caged Ca 2ϩ in astrocytes increases the frequency of mEPSCs by activation of mGluRs. Thus, NMDA/AMPA receptor-mediated neuronal depolarization may result from a combination of astrocytic glutamate release, increases in extracellular K ϩ , and potentiation of excitatory activity.
Photolysis of caged Ca
2؉ triggers efflux of cytosolic glutamate via anion channels Astrocytic Ca 2ϩ signaling has been linked previously to glutamate release via volume-sensitive and Ca 2ϩ -activated anion channels (Takano et al., 2005; Park et al., 2009; Woo et al., 2012) or by exocytosis of glutamate-containing vesicles (Pascual et al., 2005; Tian et al., 2005) . Glutamate is a small anion (molecular weight, 146 Da) that, similar to other small intracellular compounds, can pass through a variety of membrane channels (Nedergaard et al., 2002). To test whether cytosolic glutamate is ϩ changes based on data in E (*p Ͻ 0.05, paired t test before and after agonist or photolysis application for each group; # p Ͻ 0.01, one-way ANOVA, comparing agonists or comparing among different photolysis conditions; n ϭ 5-7).
released from astrocytes in response to photolysis of caged Ca 2ϩ , we next enzymatically depleted the intracellular pool of glutamate by adding glutamate-pyruvate transaminase (GPT; 100 U/L) and sodium pyruvate (1 mM) to the pipette solution used to patch astrocytes. GPT catalyzed the transamination of glutamate and pyruvate to ketoglutarate and alanine (L-alanine ϩ ketoglutarate 3 (GPT) 3 pyruvate ϩ L-glutamate; Fig. 3A ; Matthews et al., 2003) . Caged Ca 2ϩ NP-EGTA (potassium salt, 2 mM) was also added to the pipette solution together with rhod-2 potassium (100 M). We allowed the pipette solution to fully exchange with the astrocyte cytosol (detected by intracellular diffusion of rhod-2). Dual patch recordings were used to assess responses in neighboring neurons. Ca 2ϩ increases in astrocytes were not inhibited by GPT and/or pyruvate in the pipette solution (n ϭ 5-6, p ϭ 0.22, ANOVA; Fig. 3B ). We found that photolysis had no effect on the mEPSCs when GPT and pyruvate were added to the astrocytic pipette solution (Fig. 3 A, C) . As a control, pyruvate was removed from the pipette solution to prevent GPT from deaminating glutamate to ketoglutarate (Fig. 3A) . We found that GPT failed to inhibit the photolysis-induced potentiation of mEPSCs when pyruvate was omitted (Fig. 3C) . We also assessed whether anion channels are involved in photolysis-induced astrocytic glutamate release by bath application of the anion channel inhibitor 5-nitro-2-(phenylpropylamino)-benzoate (NPPB). Interestingly, NPPB (50 M) reduced photolysis-induced potentiation of mEPSC from 191.2 Ϯ 17.4 to 117.4 Ϯ 15.0% (n ϭ 5, p Ͻ 0.05, Bonferroni's test; Fig. 3C ). NPPB also attenuated photolysisinduced neuronal depolarization from 1.58 Ϯ 0.11 to 0.43 Ϯ 0.12 mV (n ϭ 4 -5, p Ͻ 0.05, Bonferroni's test; Fig. 3C ). Moreover, another anion channel inhibitor, 4,4Ј-diisothiocyano-2,2Ј-stilbenedisulfonic acid (DIDS; 5 M) also blocked the photolysisinduced potentiating mEPSCs (n ϭ 5, p Ͻ 0.05, Bonferroni's test; Fig. 3C) . Combined, this analysis shows that cytosolic glutamate is released via opening of anion channels in response to photolysis of caged Ca 2ϩ . Next, to establish the role of vesicular release in astrocytic glutamate release, the experiments were repeated in slices prepared from dnSNARE mice (Pascual et al., 2005) . In dnSNARE transgenic mice, vesicular release is blocked by expression of a dnSNARE domain in GFAP-expressing astrocytes. However, inhibition of vesicular release in astrocytes did not suppress photolysis-induced glutamate release. Slices prepared from dn-SNARE mice not receiving Dox, and thereby not expressing the dnSNARE domain, exhibited an increase in the frequency of mEPSCs and a membrane depolarization that were directly comparable with slices prepared from dnSNARE mice treated with Dox (Fig. 3 D, E) .
It was a surprise that photolysis of caged Ca 2ϩ triggered depolarization of nearby neurons, because agonist exposure consistently was linked to neuronal hyperpolarization (compare Figs. 1F, 2F, 3E). Previous studies have shown that agonist-induced hyperpolarization is a result of astrocytic Ca 2ϩ -dependent K ϩ uptake that transiently decreases extracellular K ϩ (Wang et al., 2012b). We critically assessed this observation by combining measurements of astrocytic membrane potential with recordings of extracellular K ϩ using ion-sensitive microelectrodes (Fig. 4A ). All agonists analyzed, including FMRF, ATP, and TFLLR, reduced extracellular K ϩ and hyperpolarized astrocytes (Fig.  4 B, C) . We next asked whether extracellular K ϩ increases when astrocytes are activated by photolysis based on the observation that neurons depolarize in response to photolysis (Fig. 3E) . Unfortunately, the K ϩ ionophore valinomycin used for fabrication of K ϩ microelectrodes was highly sensitive to UV light and lost its K ϩ selectivity following photolysis. Instead, we recorded astrocytic membrane potential, which closely follows the extracellular K ϩ concentration (Rusakov et al., 2011; Wang et al., 2012b) . We first correlated astrocytic membrane potential with the extracellular K ϩ concentration, by successively changing bath K ϩ concentration (Fig. 4D ). This analysis showed that astrocytic membrane potentials were a linear function of extracellular K ϩ (n ϭ 65, y ϭ 3.9x, R 2 ϭ 0.955; Fig. 4E ), as expected for a cell type whose membrane permeability is almost entirely determined by K ϩ channels (Rusakov et al., 2011; Wang et al., 2012b) . We next recorded the membrane potential of an astrocyte neighboring the astrocyte targeted by the UV beam (ϳ50 m). Photolysis of NP-EGTA induced a transient increase in astrocytic membrane potential averaging 1.87 Ϯ 0.17 mV (n ϭ 7 ; Fig. 4 F, G) . Based on the correlation between extracellular K ϩ and astrocytic membrane In turn, the Na ϩ , Ca 2ϩ exchanger (NCX) transports Ca 2ϩ on the expense of Na ϩ influx. The increase in cytosolic Na ϩ activates the Na ϩ , Na ϩ /K ϩ -ATPase, resulting in a decrease in extracellular K ϩ , hyperpolarization of nearby neurons, and a transient decrease in frequency of mEPSC as shown previously (Wang et al., 2012b) . B, Photolysis of caged Ca 2ϩ triggers direct increases in Ca 2ϩ as well as mobilization of intracellular Ca 2ϩ stores (Li et al., 1998) . In addition, glutamatepermeable anion channels are activated by either Ca 2ϩ or changes in astrocytic volume, leading to glutamate release. Glutamate binds to postsynaptic mGluR5 and increases the frequency of mEPSCs. The increased excitatory activity leads to NMDA/AMPA receptor-mediated K ϩ efflux and neuronal depolarization. Glutamate released from astrocytes may also directly activate NMDA/ AMPA receptors.
potential (Fig. 4E) , we calculated that photolysis of NP-EGTA is linked to an increase in extracellular K ϩ , averaging 0.48 Ϯ 0.04 mM (n ϭ 7; Fig. 4G ). What triggers the increase in extracellular K ϩ ? We speculated that photolysis-induced astrocytic glutamate release triggers neuronal depolarization by activation of NMDA/ AMPA receptors. Addition of APV (50 M) and CNQX (20 M) or the anion channel blocker NPPB significantly reduced photolysis-induced increases in membrane potential and thereby the calculated increase in extracellular K ϩ , consistent with the notion that photolysis glutamate release (n ϭ 5, p Ͻ 0.05, Bonferroni's test ; Fig. 4 F, G) . We also analyzed the effect of photolysis of caged Ca 2ϩ in slices prepared from dnSNARE transgenic mice. Suppressing astrocytic exocytosis had little effect on photolysis-induced depolarization. The membrane potentials of nearby astrocytes increased by 1.6 Ϯ 0.3 and 1.7 Ϯ 0.2 mV, corresponding to an increase in the calculated extracellular K ϩ by 0.41 Ϯ 0.06 and 0.42 Ϯ 0.05 mM, respectively, in slices prepared from dnSNARE mice with and without Dox in the drinking water (n ϭ 5, p Ͼ 0.05, Bonferroni's test; Fig. 4G ).
Combined, this analysis suggests that photolysis of caged Ca 2ϩ triggers release of cytosolic glutamate by opening of anion channels rather than by vesicular release (Fig. 5) . Moreover, pharmacological manipulations indicate that photolysis-induced astrocytic glutamate release activates both neuronal mGluRs and NMDA/AMPA receptors, resulting in a transient increase in extracellular K ϩ , depolarization of both neurons and astrocytes, and an enhancement of excitatory activity (Fig. 5) .
Discussion
The main purpose of this study was to compare how astrocytic Ca 2ϩ signaling evoked by receptor activation versus photolysis of caged Ca 2ϩ modulated spontaneous excitatory activity in nearby neurons. The analysis was prompted by controversies in the neuroglia signaling field, in which a large number of studies have shown that astrocytic Ca 2ϩ signaling can trigger glutamate release, detected as slow NMDA receptor-mediated inward currents or as an mGluR5-dependent increase in mEPSC (Fellin et al., 2004; Fiacco and McCarthy, 2004) . Most of these reports were based on photolysis of caged Ca 2ϩ or IP 3 (Fellin et al., 2004; Fiacco and McCarthy, 2004; Liu et al., 2004) . Conversely, other studies stimulated astrocytes by agonists and found that Ca 2ϩ signaling either has no effect on mEPSCs (Agulhon et al., 2008 (Agulhon et al., , 2010 or transiently suppresses mEPSCs (Wang et al., 2012b) . Because most of the published data have been collected in hippocampal slices prepared from rodent pups, it is unlikely that regional differences of astrocytes can explain the discrepancies (Sun et al., 2013) . We here directly compared the effect of the two stimulation paradigms (photolysis vs agonist exposure) on excitatory activity by continuous recordings of mEPSCs or membrane potential of CA1 hippocampal neurons. We show that astrocytic glutamate release is restricted to photolysis-evoked Ca 2ϩ signaling and not induced by receptor activation. Receptor activation included an analysis of transgenic mice in which GFAPexpressing astrocytes selectively express the MrgA1 receptor, as well as two endogenous agonists (Fig. 1) . Neither of these agonists induced glutamate release. Instead, agonist-induced Ca 2ϩ signaling consistently reduced extracellular K ϩ , resulting in a transient suppression of the frequency of mEPSCs when recordings were obtained from neurons located in a minimal depth of 70 m from the surface of the slice.
The experiments using photolysis were designed to induce astrocytic Ca 2ϩ increases that were comparable with agonistinduced Ca 2ϩ signaling (compare Figs. 1A, 2A) . Therefore, an open question is why caged Ca 2 triggers glutamate release, whereas agonist exposure does not. To establish the mechanism of photolysis-induced glutamate release, we first enzymatically removed cytosolic glutamate in astrocytes. GPT, an enzyme that in the presence of pyruvate reversibly converts glutamate into ␣-ketoglutarate, was added to the pipette solution, in addition to pyruvate, NP-EGTA, and rhod-2. Subsequent photolysis showed that enzymatic depletion of cytosolic glutamate abrogated the photolysis-induced increases in mEPSCs. Moreover, the nonspecific anion channel inhibitors NPPB or DIDS blocked photolysisinduced glutamate release. Glutamate is a small anion present in the cytosol in low millimolar concentrations (Nedergaard and Verkhratsky, 2010) , and a number of channels, including volume-sensitive channels, Ca 2ϩ -activated anion channels, P2X 7 receptors, and connexin hemichannels, have been shown previously to be permeable to glutamate (Takano et al., 2005) . Thus, our analysis suggests that photolysis of caged Ca 2ϩ triggers the efflux of cytosolic glutamate through NPPB-and DIDS-sensitive anion channels. This conclusion was supported by the finding that glutamate release was not reduced in slices prepared from dnSNARE mice (Figs. 3 D, E, 4G) . In dnSNARE mice, vesicular release is inhibited by dominant-negative inhibition of the vesicular SNARE complex (Pascual et al., 2005 ). Yet, dnSNARE mice also displayed an enhancement of mEPSCs and depolarization in response to photolysis of caged Ca 2ϩ , indicating that Ca 2ϩ -dependent astrocytic glutamate is not dependent on vascular release (Figs. 3 D, E, 4 F, G) . However, our analysis does not explain why glutamate-permeable anion channels are preferentially activated by photolysis of caged Ca 2ϩ . One possibility is that photolysis of caged Ca 2ϩ bypasses intracellular signaling pathways that normally counteract the opening of Ca 2ϩ -activated Cl Ϫ channels (Woo et al., 2012) . Another possibility is that photolysis induces astrocytic swelling that results in the opening of volume-sensitive anion channels and the release of osmolytes, including glutamate (Takano et al., 2005) . Because the hippocampal slices were prepared from relatively old pups (18 -21 d old), glutamate did not likely contribute to the spread of astrocytes Ca 2ϩ waves. mGluR5 is developmentally regulated and not expressed in 3-week-old mice pups (Sun et al., 2013) .
This analysis confirmed that photolysis of caged Ca 2ϩ transiently enhanced excitatory transmission by triggering glutamate release (Nedergaard, 1994; Fiacco and McCarthy, 2004; Liu et al., 2004) and extended previous work by showing that astrocytic glutamate release may increase the frequency of mEPSCs by two connected mechanisms: (1) activation of neuronal mGluRs, which potentiated the activity of excitatory synapses (Naie and Manahan-Vaughan, 2004; Topolnik et al., 2006; Sun et al., 2013) ; and (2) local increases of extracellular K ϩ (Wang et al., 2012a,b) . Conversely, agonist-induced astrocytic Ca 2ϩ signaling consistently suppressed excitatory transmission by lowering extracellular K ϩ in slices prepared from rodent pups.
